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In vitro folding of disulﬁde-containing proteins is generally regulated by redox molecules, such as
glutathione. However, the role of the cross-disulﬁde-linked species formed between the redox mol-
ecule and the protein as a folding intermediate in the folding mechanism is poorly understood. In
the present study, we investigated the effect of the charge on a redox molecule on disulﬁde-coupled
protein folding. Several types of aliphatic thiol compounds including glutathione were examined for
the folding of disulﬁde-containing-proteins, such as lysozyme and prouroguanylin. The results indi-
cate that the positive charge and its dispersion play a critical role in accelerating disulﬁde-coupled
protein folding.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The formation of the native conformation of a protein, which is
essential for biological activity, is typically a spontaneous process
that occurs under thermodynamic control [1]. To understand the
mechanism by which proteins undergo folding, a number of fold-
ing experiments were carried out on disulﬁde-containing proteins,
since the disulﬁde-coupled folding of proteins permits the folding
intermediates to be trapped and their conformations determined
[2,3]. The folding of disulﬁde-containing proteins into their native
conformation is assisted by redox molecules, such as glutathione
and cysteine, in vivo and in vitro [4,5]. In general, proteins form
a cross disulﬁde-linked species with the redox molecule at the ﬁrstchemical Societies. Published by E
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, Japan.step of the refolding reaction and a thiolate group of a Cys residue
of a protein molecule intra-molecularly next attacks the cross-
disulﬁde bond, resulting in the formation of an intra-molecular
disulﬁde bond. In the case of multiple disulﬁde bonds-containing
proteins, mis-bridged disulﬁde species are also produced and the
disulﬁde-exchange reaction into the native conformation is
thought to be the rate-determining step of the refolding reaction
[6,7]. The mis-bridged disulﬁde bonds are frequently located at
the molecular surface and are exposed to the reducing molecule,
although the native disulﬁde bonds are buried in the protein mol-
ecule [8]. This difference in the chemical reactivity between mis-
bridged and native disulﬁde bonds against the redox molecule
leads to the formation of the native conformation of a protein.
Thus, the ﬁnal conformation corresponding to its native tertiary
structure is basically determined by the thermodynamic stability
of the protein molecule [1]. Therefore, the redox potential of the
chemical reagents is thought to be an important factor in the pro-
cess involved in maintaining the native tertiary structure [9,10].
However, the role of the cross disulﬁde-linked moiety on the disul-
ﬁde-exchange reaction has not been examined in detail.
Recently, we proposed a mechanism for accelerated disulﬁde-
coupled protein folding using a positively charged glutathione
derivative, Arg-Cys-Gly (RCG) [11,12]. The replacement of a Glu
residue with an Arg residue in the glutathione molecule resulted
in an improvement in the ability of glutathione to function as alsevier B.V. All rights reserved.
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the native conformation. The results suggest that the positive
charge in close proximity to the Cys residue of the redox molecule
effectively accelerates the disulﬁde-exchange reaction. In this
study, to further investigate the charge-dependent acceleration
mechanism of disulﬁde-coupled protein folding, a series of
aliphatic thiol reagents was examined for their participation in
the folding of prouroguanylin and lysozyme which contain 3 and
4 disulﬁde bonds, respectively [13,14]. The total charge and molec-
ular size of the thiol reagents were considered in the refolding of
these two proteins. The results indicate that a positive charge
and a larger solvent accessible surface area for the positive charge
of the redox molecule are preferred for accelerating the disulﬁde-
exchange reaction in protein folding.ME (0)
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Fig. 1. Structures of the thiol reagents. The structures are depicted as a ionic format
pH 7.5 except for a thiol group. Total charges are indicated in parentheses.2. Materials and methods
2.1. Materials
Glutathione and lysozyme were purchased from the Peptide
Institute, Inc. (Osaka, Japan) and SEIKAGAKU CORPORATION
(Tokyo, Japan), respectively. 2-Mercaptoethanol and mercaptopro-
pionic acid were obtained fromWako Pure Chemical Industries, Ltd
(Osaka, Japan). 2-Dimethylaminoethanethiol, 2-diethylaminoeth-
anethiol, and 2-diisopropylaminoethanethiol were purchased from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). 2-Aminoethane-
thiol hydrochloride and Arg-Cys-Gly was obtained from Nacalai-
tesque, Inc. (Kyoto, Japan) and PH Japan Co., Ltd (Hiroshima,
Japan), respectively. All chemicals and solvents used were of
reagent grade.
2.2. Calculation of the van der Waal surface and the solvent accessible
surface area with positive partial charges
A software program, MarvinSketch ver 5.10 (ChemAxon, Inc.,
Budapest, Hungary), was employed to calculate van der Waals
and solvent accessible surface areas with positive partial charges
(ASA+) of the alkylamino moiety (–CH2–CH2–NR2: R, alkyl group)
of each thiol reagent. The calculation of the surface areas of the
alkylaminomoiety was performed using 7.5 and 1.4 Å of the pH va-
lue and solvent radius, respectively.
2.3. Refolding reactions of lysozyme and prouroguanylin
The reduction of lysozyme was carried out by a previously de-
scribed method [11]. Folding reactions were carried out in the
presence of several types of thiol reagents. The denatured/reduced
proteins (lysozyme, 0.1 mg/ml; prouroguanylin, 0.2 mg/ml) were
dissolved in 0.1 M Tris/HCl (pH 7.5) and allowed to undergo folding
in the presence of 2 mM reductant and 0.2 mM GSSG at room tem-
perature for 48 h. All solutions used in the refolding experiments
were ﬂushed with N2 gas, and the reactions were carried out in a
sealed vial under an atmosphere of N2. The experiments were per-
formed in duplicate. The folding yield was calculated based on the
average of independent experiments.
2.4. Assay of lysozyme activity
Lysozyme activity was measured using Micrococcus lysodeikti-
cus, as previously reported [15,16]. Brieﬂy, the refolding solution
of lysozyme (10 ll) was added to a suspension (0.5 mg/ml) of M.
lysodeikticus cells in 20 mM sodium phosphate buffer (1 ml, pH
6.5). The absorbance of the reaction mixture was measured at
600 nm using a UV–Vis spectropolarimeter model V-550 (Japan
Spectroscopic Co., Tokyo, Japan).2.5. Reversed-phase high performance liquid chromatography (RP-
HPLC)
The HPLC apparatus was comprised of an ELITE system (Hitachi
High-Technologies Corporation, Tokyo, Japan), equipped with an
L-2400 detector and a D-2500 chromato-integrator. Proteins were
separated by RP-HPLC using a Cosmosil 5C18-AR-II column
(4.6  150 mm, Nacalaitesque, Inc. Kyoto, Japan) and conﬁrmed
by MALDI-TOF/MS analyses, as reported previously [11]. Refolding
yields were estimated by the HPLC peak area at 220 nm.
3. Results and discussion
The folding mechanisms of proteins possessing multiple disul-
ﬁde bonds have been extensively studied and the results indicate
that a series of folding intermediates, including mis-bridged disul-
ﬁde isomers, are produced during the folding of disulﬁde-bond-
containing proteins [17–19]. However, the mechanism associated
with the cross disulﬁde-linked intermediates with the thiol re-
agent to produce the native conformation is not fully understood.
In a recent paper, we proposed that the positive charge of the redox
molecule accelerates disulﬁde-coupled protein folding [11]. There-
fore, to further investigate the mechanism of the cross-disulﬁde-
linked species in protein folding, a series of thiol reagents was
examined in terms of their participation in the refolding of lyso-
zyme, a model protein.
First, to conﬁrm the acceleration effect caused by the positive
charge on disulﬁde-coupled protein folding, the folding recovery
of lysozyme in the presence of several types of redox reagents
was determined. For this purpose, the effectiveness of 2-aminoeth-
anethiol (AET), 2-mercaptoethanol (ME), and 3-mercaptopropionic
acid (MPA), as reducing reagents, was examined in the folding of
lysozyme. The structural formulas of the thiol reagents are shown
in Fig. 1. The net charges of AET, ME, andMPA in the case of a cross-
linked species with a protein molecule are +1, 0, and 1 at pH 7.5,
respectively. To clearly estimate the ability of a reagent as a redox
molecule for protein folding as accurately as possible, the refolding
reaction was carried out at pH 7.5, which corresponds to the pH va-
lue in the endoplasmic reticulum and also decreases the reaction
velocity for disulﬁde-coupled protein folding [20,21]. In addition,
GSSG (the oxidized form of glutathione) was employed for the
refolding reaction of lysozyme, since GSSG is commonly used in
the folding of disulﬁde-containing proteins and the oxidized forms
(R–S–S–R) of thiol reagents do not signiﬁcantly affect the refolding
R-S- + GS-SG R-S-SG + GS-
R-S-SG + R-S- R-S-S-R + GS-
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Fig. 2. Disulﬁde exchange reaction between a reducing reagent and GSSG (A) and
the formation of native disulﬁde pairings via a mis-bridged disulﬁde species (B). (A)
The reducing reagent is depicted as a thiolate molecule. R(+) represents a positively
charged moiety. The SH groups of a protein are depicted in the thiolate form.
3928 M. Okumura et al. / FEBS Letters 586 (2012) 3926–3930recovery of proteins, compared to GSSG [9]. In fact, R–S–S–R was
also spontaneously produced as a reaction product between the
thiol reagent (R–SH) and GSSG, as shown in Fig. 2A. The refolding
reaction was carried out using the denatured/reduced form of
lysozyme in the presence of 2 mM reducing reagent and 0.2 mM
GSSG and the refolding recovery and the recovered enzymatic
activity of lysozyme were estimated, as shown in Fig. 3 and sum-
marized in Table 1. As expected, among the thiol reagents tested,
AET showed the best refolding recovery for lysozyme, indicating
that the positive charge of the cross disulﬁde-linked moiety in a100
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Fig. 3. Refolding yield (open bar) and recovery of biological activity (closed bar) of
lysozyme in the presence of thiol reagents. The bar numbers 1, 2, 3, 4, 5, 6, 7, and 8
correspond to GSH, ME, MPA, AET, DMAET, DEAET, DPAET, and RCG, respectively.
Table 1
Properties of the thiol reagents.
Charge (pH 7.5) pKba Value of amino group pKa Value of thiol group
GSH 1 4.43 8.56
ME 0 9.5
MPA 1 10.24
AET +1 3.36 8.27
DMAET +1 3.3 7.95
DEAET +1 3.25 7.8
DPAET +1 3.2 8.0
RCG +1 5.01d, 1.52e
a The pKb value was calculated using the equation: pKa + pKb = 14.
b The van der Waals and the solvent accessible surface areas with positive partial charg
c Refolding yield of lysozyme using thiol reagents was estimated by the HPLC peak a
d The pKb value of the amino group of arginic acid is indicated.
e The pKb value of the guanidino group of arginic acid is indicated.
f References for pKa values of amino and thiol group.protein molecule accelerates disulﬁde-coupled protein folding via
the thiol-disulﬁde-exchange reaction (Fig. 2B).
The refolding recoveries for Arg-Cys-Gly (RCG) were similar to
GSH under the conditions used in this study (Fig. 3 and Table 1)
although our previous study indicated that refolding in the pres-
ence of RCG was more rapid compared to the standard glutathione
redox system. The differences between the present and previous
conditions for the refolding of lysozyme are mainly the pH value
(7.5 versus 8.0, respectively) and the concentration of the oxidized
form (0.2 and 1 mM, respectively). As described above, disulﬁde-
coupled protein folding under the conditions used in this study oc-
curs much more slowly than that under the previous conditions.
Therefore, it was possible to estimate the ability of the thiol re-
agents more accurately, although it was not possible to determine
the difference between RCG and GSH under the conditions used in
this study. The ﬁndings suggest that AET, as a component of a re-
dox molecule, confers more activity compared to RCG. The net
charge of both AET and RCG is +1 but RCG also carries a local neg-
ative charge at its C-terminal carboxylate group. In addition, the
positive charge of the amino group of AET is spatially located much
closer to the cross disulﬁde bond compared to the amino and gua-
nidino groups of RCG. Therefore, compared to RCG, AET was able to
accelerate the refolding reaction of lysozyme much more effec-
tively. This result also raises the question of how steric hindrance
or spatial environments around the positive charge affect
disulﬁde-coupled protein folding.
To address the above questions, a series of thiol reagents (AET,
DMAET, DEAET, and DPAET) was examined for the refolding of
lysozyme. AET, DMAET, DEAET, and DPAET were ranked according
to the size of the positively charged moiety, as shown in Fig. 1. The
calculated surface areas for van der Waals interactions of the thiol
reagents are also summarized in Table 1 [22–26]. The refolding
reactions of lysozyme were carried out under the same conditions
as were used above. In the case of the refolding of lysozyme, AET
showed a better refolding recovery than DMAET (Fig. 3 and
Table 1), suggesting that steric hindrance suppresses the disulﬁde
exchange reaction and decreases the refolding recovery of lyso-
zyme. However, the refolding recoveries for lysozyme in the pres-
ence of DMAET, DEAET, and DPAET gradually increased in spite of
their molecular size, as shown in Fig. 3. In particular, DPAET re-
sulted in the best refolding recovery for lysozyme among the thiol
reagents tested. The recovery of enzymatic activity of lysozyme
was also consistent with the results of the refolding recovery by
HPLC analysis. These results reveal that DPAET has the ability to
substantially promote the disulﬁde-exchange reaction, regardless
of molecular size. To explain the high refolding ability of DPAET
as a redox reagent, several physicochemical parameters, such asSize Surface areab (Å2) Refolding yieldc (%) Referencef number
van der Waals ASA+
45.3 ± 2.1 22
+ 35.5 ± 3.5 23
+ 30.0 ± 2.8 24
+ 112 154 57.7 ± 5.5 24
++ 183 200 41.0 ± 1.4 25
+++ 244 241 56.5 ± 3.5 26
++++ 304 251 75.0 ± 2.8 26
44.5 ± 0.7
es (ASA+) were calculated only for the alkylamino moiety of each thiol reagent [28].
rea.
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group, were considered. However, as summarized in Table 1, no
signiﬁcant difference was found between the pKb values of the
amino group of the thiol reagents, DMAET, DEAET, and DPAET, or
the pKa values of the thiol groups of the reagents.
In addition, the local hydrophobicity in the cross disulﬁde-
linked species was also considered in the folding reaction. Local
hydrophobic environments may suppress the conversion of a thiol
to a thiolate group by decreasing the permittivity, thus decelerat-
ing the disulﬁde-exchange reaction in a cross disulﬁde-linked pro-
tein molecule. Therefore, the hydrophobicity of the redox molecule
may actually suppress disulﬁde-coupled protein folding. However,
DPAET showed the highest ability among the reagents, even
though it contains the largest hydrophobic moiety (a diisopropyl
group), indicating that the (local) hydrophobicity of the redox mol-
ecule is not a signiﬁcant factor in disulﬁde-coupled protein folding.
Therefore, factors in addition to positive charge and hydrophobic-
ity need to be considered to explain the accelerating effect of
DPAET on protein folding. These are discussed in the next section.
We previously reported that Arg-Cys-Gly intra-molecularly
promotes the thiol-disulﬁde exchange reaction in cross disulﬁde
species by its positive charge, resulting in the acceleration of
disulﬁde-coupled protein folding [11]. The local electrostatic envi-
ronment around a cysteine residue in a protein can have a strong
effect on the disulﬁde-coupled folding of proteins [27]. Snyder
et al. reported that a cysteine residue adjacent to a positively
charged moiety forms a disulﬁde bond more rapidly in a disul-
ﬁde-exchange reaction, indicating that the adjacent positive
charge accelerates disulﬁde formation and the exchange reaction
[27]. In addition, our results reported herein suggest that the local
intra-molecular interaction between the positively charged alkyl-
amino group and the negatively charged thiol group (thiolate an-
ion) in the cross disulﬁde-linked species produced during the
refolding reaction is preferred for accelerating disulﬁde formation
(Fig. 2) although steric hindrance is also a factor. Considering
these collective ﬁndings, we propose a mechanism for the accel-
eration in the disulﬁde exchange reaction in the cross disulﬁde-
linked intermediates during folding as follows; in general, the
rate-determining step for the disulﬁde-coupled folding reactions
of proteins is thought to be the step involving the disulﬁde
rearrangement of mis-bridged disulﬁde species to the native con-
formation. The disulﬁde exchange/formation reaction is predomi-
nantly promoted by the thiolate anion of a Cys residue in a
protein molecule. Therefore, the pKa value of the Cys residues in
a protein molecule during the folding reaction should be an
important factor in the formation of a disulﬁde bond. It is known
that an amino group stabilizes the thiolate anion by its positive
charge and decreases the pKa value of the thiol group within a
molecule [22]. The positively charged moiety of the cross-linked
folding intermediates is located in close proximity to the Cys res-
idue when the thiol group of a Cys residue of a protein molecule
intra-molecularly attacks the cross-disulﬁde bond between the
reagents and the protein molecule, as shown in Fig. 2B. Therefore,
the amino group (alkylamino group) of the cross-linked moiety
may decrease the pKa value of the thiol group of the Cys residue
of the cross-linked protein molecule and induce the dissociation
of the thiol group to the thiolate form of the Cys residue within
a protein molecule (Fig. S1), resulting in an overall acceleration
in disulﬁde-coupled protein folding. The diisopropylaminoethyl
group of DPAET is physically much closer to the disulﬁde bond
of the cross disulﬁde species than the guanidino group of Arg-
Cys-Gly. Therefore, DPAET possesses a superior folding ability
compared to RCG, although the guanidino group possesses a low-
er pKb value (stronger basicity) than that of the diisopropylamino-
ethyl group, as summarized in Table 1.In addition, to understanding why DPAET is superior to AET as a
folding reagent, solvent accessible surface areas with positive
partial charges (ASA+) of the alkylamino moiety of the thiol re-
agents, AET, DMAET, DEAET, and DPAET, were calculated using
the MarvinSketch software program [28] and the results are sum-
marized in Table 1. DPAET provided the largest ASA+ (251 Å2)
among the thiol reagents and the ASA+ values for the alkylamino
moiety of the thiol reagents (DMAET, DEAET, and DPAET) showed
a good relationship to the folding recoveries of lysozyme, indicat-
ing that DPAET effectively provides a positively charged environ-
ment for the stabilization of the thiolate anion of a Cys residue of
the cross-linked protein molecule, regardless of the fact that it
has a larger volume. Indeed, CPK modeling experiments of the
cross-disulﬁde bond carrying an alkylamino group suggested that
sufﬁcient spaces is still available for the moiety with DPAET to re-
act with the thiolate anion of the cross-disulﬁde-linked protein
molecule (Fig. S1). In this aspect, AET possesses the smallest
ASA+ value but provides the lowest steric hindrance. Therefore, it
can be concluded that, not only the positive charge, but also a lar-
ger ASA+ is preferred for accelerating disulﬁde-coupled protein
folding and that the combination of ASA+ and the steric hindrance
of the thiol reagent need to be considered in terms of regulating
the chemical reactivity of the cross-disulﬁde-liked moiety (intra-
molecular disulﬁde-exchange reaction).
Among the thiol reagents tested, DPAET showed a superior
activity for the disulﬁde-coupled folding of lysozyme. Therefore,
we further investigated the mechanism of DPAET-mediated
protein folding. For this purpose, prouroguanylin (three intra-
molecular disulﬁde bonds) was employed, since the folding inter-
mediates can be easily separated by HPLC [11]. The fully reduced
form (R) of prouroguanylin could still be observed at 60 min in
the case of GSH (Fig. 4A) but disappeared within 60 min in the
presence of RCG (Fig. 4B) in the refolding reaction, revealing that
RCG accelerates the formation of disulﬁde bonds, as reported
previously [11]. The affect of DPAET on the refolding of prourogu-
anylin was dramatic. The fully reduced form of prouroguanylin
disappeared immediately and the native form was observed within
5 min, as shown in Fig. 4C. The refolding reaction using DPAET was
essentially complete in 20 min. The rate-determining step for
disulﬁde-coupled protein folding is thought to be the disulﬁde ex-
change of mis-bridged disulﬁde species [6,7]. Therefore, our results
indicate that the dispersed positive charge of the diisopropylami-
noethyl moiety in the transiently produced cross-disulﬁde-linked
species promotes the formation of a thiolate ion via dissociation
of the thiol group of the Cys residue of the protein molecule, result-
ing in the very rapid formation of the native conformation of
prouroguanylin. This result was also supported by the results of
refolding experiments of prouroguanylin using AET, DMAET, and
DEAET (Fig. S2). The use of DPAET resulted in the quick production
of intermediates (3SS) and the native conformation was found
much faster than when AET was used, indicating the superior
ability of DPAET as a redox reagent for disulﬁde-coupled protein
folding. Detailed structural analyses of the folding intermediates
in the presence of those thiol reagents are currently in progress.
The ﬁndings herein show that the acceleration effect of thiol
reagents for disulﬁde-coupled protein folding can be largely attrib-
uted to their positive charge. Recently, a number of proteins have
been prepared by recombinant DNA technology for medical and
biophysical use. However, proteins are often expressed in the form
of an inactive inclusion body, especially when the Escherichia coli
expression system is used. Therefore, the recombinant proteins
need to be refolded into the native conformation in the presence
of the appropriate chemical additives in vitro [12]. In such cases,
DPAET represents an ideal compound for converting inactive
recombinant proteins to the active forms and would permit a
Fig. 4. HPLC proﬁles of the reaction mixture of prouroguanylin in the presence of
2 mM thiol reagents, GSH (A), RCG (B), DPAET (C), and 0.2 mM GSSG. N, 2SS, 3SS,
and R represent the elution positions of prouroguanylin with the native disulﬁde
pairings, two disulﬁde bonds and two thiols, three disulﬁde bonds and no thiol
groups, and the fully reduced form of prouroguanylin, respectively.
3930 M. Okumura et al. / FEBS Letters 586 (2012) 3926–3930superior recovery of the native conformation in the refolding
reaction.
In conclusion, a positive charge in close proximity to the
Cys residue of the redox molecule effectively accelerates the
disulﬁde-exchange reaction. A reducing agent with a larger ASA+
(solvent accessible surface area with positive partial charges) is
preferred for accelerating disulﬁde-coupled protein folding by
inducing/stabilizing the thiolate form of the Cys residue of a
protein molecule in the cross-disulﬁde-linked molecule.
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